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Abstract

Detonation of an improvised nuclear device highlights the need to understand the risk of mixed 

radiation exposure as prompt radiation exposure could produce significant neutron and gamma 

exposures. Although the neutron component may be a relatively small percentage of the total 

absorbed dose, their large relative biological effectiveness (RBE) can induce larger biological 

DNA damage and cell killing. The objective of this study was to use the hematopoietically 

humanized mouse model to measure chromosome DNA damage in human lymphocytes in 
vivo exposed to neutrons (0.3 Gy) and X rays (1 Gy), 24 hours after exposure. The human 

dicentric (DIC) and cytokinesis-block micronucleus (CBMN) assays were performed to measure 

chromosomal aberrations in human lymphocytes in vivo from the blood and spleen, respectively. 

The mBAND assay based on fluorescent in-situ hybridization labeling was used to detect 

neutron-induced chromosome 1 inversions in the blood lymphocytes of the neutron-irradiated 

mice. Cytogenetics endpoints, MN and DIC show that there was no significant difference in 

yields between the two irradiation types at the doses tested, indicating that neutron-induced 

chromosomal DNA damage in vivo was more biologically effective (RBE ~ 3.3) compared to X 

rays. The mBAND assay, which is considered a specific biomarker of high-LET neutron exposure, 

confirmed the presence of clustered DNA damage in the neutron-irradiated mice but not in the 

X-irradiated mice, 24 hours after exposure.
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Introduction

Prompt radiation exposure from an improvised nuclear device (IND) detonation will involve 

a mixture of low linear energy transfer (LET) photons and high-LET neutrons in the Me­

V range. Neutrons are highly energetic uncharged particles that generate low secondary 

protons which induce more severe DNA damage than photons whereby equivalent doses 

of neutrons and photons (γ or X rays) do not produce equal biologic effects, due to the 

differences in the patterns of energy deposited (Cary et al. 2012). The relative biological 

effect (RBE) value of photons and neutrons can be very different: the RBE of neutrons 

has been reported to be as low as 1 to greater than 10 depending on the tissue type, cell 

radiosensitivity, neutron energy and the biological endpoint measured (Ryan et al. 2006; 

Seth et al. 2014). Monte-Carlo simulations of neutron / photon transport after a 10kT 

urban groundburst in Washington DC, specifically in terms of organ doses at 700 m from 

the explosion suggest that neutrons will contribute an estimated 14% of the total organ 

dose in the colon and lung, and 27% in bone marrow (Kramer et al. 2016). Of course, 

neutron contributions numbers will vary depending on the specifics of the explosion and the 

shielding. Therefore, in a nuclear accident or detonation scenario, there is an important need 

to detect and estimate the size of the neutron component in order to assess radiation risk and 

injury of potentially exposed individuals to aid treatment decisions.

It is widely accepted that unrepaired or misrepaired DNA double-strand breaks (DSBs) play 

an important role in the formation of chromosome aberrations that can lead to genomic 

instability, mutations and cell death (lliakis et al. 2004; Vijg and Suh 2013). Neutrons are 

highly energetic uncharged particles that induce, via secondary protons, more localized, 

structurally complex clusters of DSBs than gamma rays. These clustered damages have 

a higher probability of becoming lethal because they are more likely to be misrepaired 

during the slow stage of rejoining, as they are more difficult and slower to repair, leading to 

increased interactions for chromosome exchange and the formation of complex chromosome 

aberrations (Hada and Georgakilas 2008; Kysela et al. 1993; Sachs and Brenner 1993). 

A series of mechanistic, in-vitro and epidemiological studies (Bauchinger and Schmid 

1998; Brenner and Sachs 1994; Hada et al. 2011; Hande et al. 2003; Mitchell et al. 2004) 

have suggested that chromosomal inversions represent a high-specificity biomarker for the 

presence of densely ionizing radiation (IR) such as neutrons. Multicolor banding (mBAND) 

fluorescence in situ hybridization technique (Chudoba et al. 2004; Chudoba et al. 1999) has 

been used to label chromosome 1 and 2 inversions in peripheral blood lymphocytes after 

past exposure to high- LET radiation (Mitchell et al. 2004).

Cytogenetic analyses of dicentrics (DIC) and micronuclei (MN) in irradiated human T­

lymphocytes are established biomarkers in biological dosimetry for retrospective dose 

reconstruction after exposure to IR (Kang et al. 2016; Testa et al. 2019; Zeegers et al. 

2017). The advantage of these two cytogenetic biodosimetry assays is that they can be 
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used to measure persistent DNA damage in vivo in mature peripheral blood lymphocytes 

weeks after radiation exposure (Ghandhi et al. 2018; Preston et al. 1974). Neutrons have 

been shown to be 2-6 times more effective than photons in inducing cytogenetic damage 

(Huber et al. 1994; Wuttke et al. 1998; Xu et al. 2015a) such that roughly half of the 

biological effect observed will be due to neutrons with the other half due to photons (Garty 

et al. 2017). Previously at the Columbia IND-Neutron Facility (CINF)(Xu et al. 2015a), we 

generated dose-response curves for MN frequency using the cytokinesis-block micronucleus 

assay (Fenech 1993, 2007), and showed that neutron-induced MN yields in human blood 

T-lymphocytes ex vivo up to 1.5 Gy, were enhanced 3- to 5-fold over equivalent x-ray doses. 

A similar ratio was also seen with dicentrics in ex-vivo irradiated blood (our unpublished 

data).

The objective of the present work was to quantify chromosomal DNA damage in human 

T-lymphocytes in vivo in hematopoietically humanized (Hu-NSG) mice (Lee et al. 2018; 

Pujol-Canadell et al. 2019) exposed to total body neutron (0.3 Gy) and X ray (1 Gy) 

irradiations. Cytogenetic assays, micronucleus (MN) and dicentric (DIC) were used to 

analyze chromosome aberrations in human T-lymphocytes in vivo, 24 hours after exposure. 

The results show here that the frequency of MN and DIC were similar after neutron (0.3 

Gy) and x-ray (1 Gy) exposure, indicating that for these cytogenetic endpoints, neutrons 

were about three times more biologically effective compared to X rays. In addition, 

mBAND labeling of chromosome 1 was used to demonstrate the presence of inversions 

on chromosome 1 following exposure to neutrons.

Materials and Methods

Human peripheral blood samples were collected by venipuncture in 6 mL lithium­

heparinized Vacutainer® tubes (BD Vacutainer™, Franklin Lakes, NJ) from apparently 

healthy adult donors (2 males/females) aged between 30 and 45 with informed consent 

and approval by the Columbia University Irving Medical Center Institutional Review Board 

(IRB protocol AAAE-2671). All donors were non-smokers and had no X rays within the 

last 12 months. All animal and experimental procedures were conducted in accordance 

with applicable federal and state guidelines and approved by the Columbia University 

Institutional Animal Care and Use Committee (IACUC; protocol AAAQ2410). As described 

in our earlier work (Lee et al. 2018; Pujol-Canadell et al. 2019), female immunodeficient 

NOD. Cg-Prkdcscid//2rgtm1WJl/SzJ (NSG) mice aged 6 to 8 weeks (The Jackson Laboratory; 

Bar Harbor, ME), were injected with commercially available human cord blood CD34+ 

cells (Cincinnati Children’s hospital Medical Center; Cincinnati, OH), and followed by 

long-term engraftment. At 16 weeks, the level of human cell engraftment in the mouse 

peripheral blood was assessed by flow cytometry for human cell surface markers CD45 

(leukocyte common antigen), CD3 (T-cells) and CD19 (B-cells) and mouse-specific CD45 

(all purchased from BioLegend® Inc., San Diego, CA). Only mice validated with > 25% 

human CD45+ cells were used for the radiation studies.
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Irradiation and dosimetry

Healthy human volunteers were recruited at the Center for Radiological Research, Columbia 

University Irving Medical Center. Blood sample aliquots (1 mL) were prepared in 15 mL 

conical bottom tubes (Santa Cruz Biotechnology, Dallas, TX) and exposed up to 3 Gy X 

rays using a highly filtered X-RAD 320 biological irradiator (Precision X-Ray Inc., North 

Branford, CT), operating at 320 kVp, 12.5 mA with a dose rate of 0.88 Gy/min and Half 

Value layer of 4 mm Cu (Pujol-Canadell et al. 2019). The humanized mice were randomly 

assigned to dose groups, 0, 1, 2 and 3 Gy and X-irradiated using a custom irradiation 

pie (Precision X-Ray). The control mice were sham irradiated. The delivered dose was 

measured using a Radcal® ion chamber (Monrovia, CA) calibrated annually by RadCal and 

placed in the pie along with the mice. Following irradiation, the blood samples were placed 

at 37°C in a humidified atmosphere with 5% CO2 for 24 hours and the mice were housed in 

micro-isolator cages.

For the neutron/photon studies, mouse irradiations were performed at the Columbia 

University Radiological Research Accelerator Facility (RARAF) using the accelerator-based 

IND-spectrum neutron irradiator (Xu et al. 2015a; Xu et al. 2015b) and a filtered (HVL: 3.1 

mm Cu) Westinghouse Coronado orthovoltage X-ray machine operating at 250 kVp, 15mA 

and the use of a 0.5mm Cu + 1mm Al filter. The dosimetry for the neutron irradiations was 

performed using a custom A-150 muscle tissue-equivalent gas ionization chamber (Xu et al. 

2012; Xu et al. 2015a; Xu et al. 2015b). A compensated Geiger-Muller dosimeter was used 

to measure the gamma-ray dose associated with the neutron exposure (typically 18% of the 

total dose). With a total beam current of 18 μA on the beryllium target, the resulting dose 

rate was 1.55 Gy/h of neutrons and 0.34 Gy/h of γ rays. A detailed description of the mouse 

irradiation protocol for neutron exposures using custom holders in a “Ferris wheel” system 

setup has been described previously (Broustas et al. 2017). For the photon exposures, up to 3 

mice at a time were placed, in the same custom holders, at the center of the irradiation field. 

The mice were exposed at a dose rate of 1.23 Gy/min, determined using a Victoreen model 

570 condenser R meter with a 250r chamber. Hu-NSG mice were randomly assigned to three 

treatment groups: shamirradiated, 0.3 Gy neutron and 1 Gy of X-ray.

Sample collection and blood counts

All mice were euthanized 24 h after irradiation by CO2 asphyxiation prior to blood 

collection. Peripheral whole blood samples (0.4-0.6 ml) were collected by cardiac puncture 

using a heparinized 1 ml syringe (BD Precisionglide™; Becton-Dickson, Franklin Lakes, 

NJ) and transferred into 1.5 ml Eppendorf tube. Each spleen was isolated, free of large 

connecting ligaments and placed into a 1.5 ml Eppendorf tube containing 1 ml of sample 

buffer (SB) with 2% FBS and 0.01% lithium heparin in DPBS (ThermoFisher Scientific™, 

Waltham, MA). Mononuclear cells from the mouse blood and spleen were isolated as 

described previously (Turner et al. 2019). Briefly, each spleen was placed onto a 40-micron 

mesh cell strainer (Corning; #352340), and homogenized gently using the rubber end of 

a 1 ml syringe plunger and SB-heparin. The resulting cell suspension was filtered again 

using a second 40-micron mesh cell strainer and isolated using lymphocyte separation 

media (Histopaque-1083; Invitrogen) and RBC lysis. Human leukocyte T-/B-cell counts in 

blood and spleen were measured by flow cytometry from 20 μl of heparinized blood or 
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splenocyte suspension using a CytoFLEX flow cytometer (Beckman Coulter Inc., Pasedena, 

CA) surface staining protocol (Lee et al. 2018; Pujol-Canadell et al. 2019). Antibodies for 

CD3 clone UCHT1 (marker for T-cells) and CD19 clone 2H7 (marker for B-cells) were 

purchased from Biolegend; San Diego, CA).

Cytokinesis-Block Micronucleus Assay

Isolated mouse blood and spleen mononuclear cells and aliquots (100 μL) human peripheral 

blood samples were added to 1.4 mL 2D Matrix microtubes containing pre-warmed 

RPMI-1640 medium supplemented with 15% heat-inactivated fetal calf serum, 2% Pen/

Strep and 2% phytohaemagglutinin (PHA) (all purchased from Thermofisher). Human blood 

cells were cultured at 37°C in a humidified atmosphere with 5% CO2 for 44 hours, after 

which time the media was exchanged for fresh media containing cytochalasin B (Cyt-B; 

Sigma-Aldrich, St. Louis, MO) at a final concentration of 6 μg/ml. After 28 h of incubation, 

the samples were swollen with 0.075 M KCI solution and fixed in 4:1 methanol: glacial 

acetic acid. Cells were dropped onto clean glass slides and allowed to air-dry before counter­

staining with DAPI Vectashield® mounting medium (#H-1200; Vector Laboratories, Inc., 

Burlingame, CA).

Dicentric Assay

Human lymphocytes were isolated from aliquots of whole blood by Histopaque 1083 

separation and cultured for a period of 54 h in RPMI medium supplemented with 4% PHA, 

10% heat inactivated fetal bovine serum and antibiotics followed by addition of Colcemid 

(0.1 μg/ml) for 24 h and the cells were harvested at 72 h (from the start of stimulation 

with PHA). Cells were treated with a hypotonic solution (0.56% KCI) for 15 min at 37°C 

and fixed in three changes of ice-cold acetic acid: methanol (1:3) solution. An aliquot of 

fixed cells (25-30 μl) was dropped onto glass sides and air-dried. For chromosomal analysis, 

slides were rehydrated in PBS, fixed in 4% formaldehyde, washed with PBS, digested 

with HCI-pepsin solution, washed with PBS and dehydrated in a 70%–85%–100% ethanol 

series. Chromosomes were denatured for 3 min by heat (80°C) in the presence of 20 μl of 

centromere and telomere probes (PNA Bio Inc, CA) in 90% formamide, 2 × saline sodium 

citrate buffer and incubated in the dark for 3 h. After hybridization, excess unbound probes 

were removed by washing twice in 70% formamide and TBS, with 0.05% Tween™-20 

solutions at room temperature and counterstained with DAPI.

Multi-color band fluorescence in situ hybridization (mBAND)

Multicolor band (mBAND) analysis was conducted using chromosome 1 given that it is 

the largest chromosome in the human genome, representing ~8.2% of the genome (Morton 

1991). The mBAND technique was performed essentially according to the manufacturer’s 

protocol (MetaSystems, MA) using DNA probes specific for human chromosomes 1. 

Briefly, slides were treated for 1 min with 0.001% acidic pepsin solution (in 0.01 N HCI) at 

37°C for 1-2 min followed by two washes of 5 min each in phosphate buffered saline. The 

slides were post-fixed for 10 min in a solution of formaldehyde/MgCl2 (1% formaldehyde/

50mM MgCl2 in PBS). The slides after denaturation (2X SSC at 70°C for 20 min) and after 

cooling to ambient temperature (1 min in 0.07N NaOH) were dehydrated in graded series 

of ethanol (30%, 70%, 90% and 100%) and air dried. The mBAND probe was denatured 
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separately by incubation at 75°C for 5 min followed by incubation at 37°C for 30 min to 

allow the annealing of repetitive DNA sequences. An aliquot of 10 μl probe was placed on 

the slide and covered with a coverslip. The slides were kept in a humidified hybridization 

chamber at 37°C for at least 72 h. The unbound probe was removed by washing the slides 

in pre-warmed (75°C) 1X SSC (pH 7.0-7.5) for 5 min followed by incubation in 4XSSCT 

(4X SSC with 0.1% Tween 20) for 5 min. Indirectly labeled probe (Cy5), if needed, was 

amplified by incubation with antibodies biotinylated anti-streptavidin and Cy5 conjugated 

streptavidin (Invitrogen, Carlsbad, CA) sequentially for 30 min followed by two washes of 3 

min each in 4XSSCT and in PBS. The nuclei were counterstained with DAPI.

Scoring and Analysis

Images were captured using Zeiss fluorescent microscope (Axioplan 2; Carl Zeiss 

Microimaging Inc., Thornwood, NY), CoolCube 1 Digital High Resolution CCD Camera 

and Metafer 4 Master Station (MetaSystems, MA). Micronuclei per binucleate cell yields 

were quantified using 10x air objective lens and using Metafer MSearch platform. 

Metaphase cell images were acquired using a Zeiss Plan-Apochromat 63x/1.40 oil 

immersion objective and AutoCapt version 3.9.1. Human chromosome spreads were easily 

differentiated from mouse ones, given the marked different in morphology of chromosomes 

from the two species, i.e. human spreads contain more diverse chromosomes, both in size 

and position of the centromere, compared to mouse spreads that contain similar sized 

acrocentric chromosomes. For the mBand assay, normal and aberrant chromosomes were 

identified by unique chromosome specific processed color generated by ISIS software based 

on the combinatorial labeling of five fluorochromes (FITC, Spectrum Orange, Texas Red, 

DEAC and Cy5) and their pixel intensities. Representative images that were used to score 

micronuclei, dicentrics and inversions are presented in Figure 1.

Statistics

The statistical analyses were performed using GraphPad Prism 7 (GraphPad software Inc., 

La Jolla, CA). The Kruskal-Wallis test was first used to compare the data among the 

study groups. Comparison between the control and irradiated groups was performed by 

the Mann-Whitney U test. Two-tailed p values less than 0.05 were considered statistically 

significant.

Results

Micronuclei frequency and radiation sensitivity in human lymphocytes

Previous studies by our group and that of others have identified differences in the sensitivity 

of human and mouse T-cells by specific mitogens and cytochalasin (Cyt-B) block (Erexson 

and Kligerman 1987; Kim et al. 1997; Turner et al. 2015). The optimal assay time for the 

mouse CBMN assay is ~ 50 h (0.5% PHA; 3 μg/ml Cyt-B) whereas the human CBMN 

assay is ~ 70-72 h (2% PHA; 6 μg/ml Cyt-B) (Fenech 1993, 2007). These humanized 

mouse studies, therefore used the human cytokinesis-block micronucleus assay (CBMN) to 

compare the intrinsic radiosensitivity of human lymphocytes in blood and spleen collected 

from humanized mice compared to peripheral blood samples collected from healthy human 

volunteers. Figure 2 shows the dose-response curves for micronuclei frequency (micronuclei 
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per binucleated cell) in X-irradiated human lymphocytes in vivo from blood and spleen 

in humanized mice and human peripheral blood exposed ex vivo, at 24 h after radiation 

exposure. The data indicate that MN formation in engrafted human lymphocyte cells in vivo 
from blood and spleen is dose dependent and indicate a similar radiation sensitivity to cells 

exposed using the human blood ex vivo model over the dose range tested here (up to 3 Gy). 

At the highest TBI dose 3 Gy, quantification of MN yields in the peripheral blood showed 

comparatively reduced MN levels.

X ray and neutron exposure in humanized mice

i) Hematology—Figure 3 compares the radiation-induced loss of human CD3+ (T-cells) 

and CD19+ (B-cells) in mouse blood and spleen samples, 24 hours after exposure. The 

results show that T- and B-cell levels in the peripheral blood were significantly lower 

(p<0.05; Mann-Whitney U-test) in the X-irradiated mice compared to the non-irradiated 

mice, although there was no significant difference between the two irradiated groups. In the 

spleen, overall there was no significant change in human lymphocytes in the irradiated mice 

compared to the control mice.

ii) Induction of Micronuclei—Figure 4 shows the micronucleus frequency per 

binucleate cell (MN/BNC) in human lymphocytes isolated from the mouse spleen using 

the CBMN assay. The frequency of induced MN/BNC was similar in human lymphocytes 

exposed to 1 Gy X ray and 0.3 Gy neutron irradiation. The Kruskal-Wallis test was first 

performed to compare the data among the three study groups (p<0.05). Comparison between 

the control and irradiated groups was performed by the Mann-Whitney U test (** p<0.01). 

The data show that there was no significant difference in MN/BN after 1 Gy X rays and 

0.3 Gy of neutrons (shown in Fig. 4a). The results suggest an RBE of ~ 3.3 for the MN 

endpoint, and dose response with X rays and neutrons (shown in Fig. 4b).

iii) Induction of chromosomal aberrations—Peripheral blood samples from X- and 

neutron irradiated humanized mice were assayed for the induction of dicentrics (shown 

in Fig. 5). Exposure to 1 Gy X rays resulted in 0.13 dicentrics per metaphase cell; these 

frequencies were similar to yields in samples exposed to 0.3 Gy of neutrons. Samples from 

neutron-irradiated animals were also examined for chromosomal inversions that are thought 

to be a hallmark of neutron exposure. Inversions are produced by the symmetric rejoining of 

breaks along the length of a single chromosome and are not detected by routine cytogenetic 

assays. Using mBAND probes for human chromosome 1, inversions were observed at 

frequencies of 0.05 inversions per metaphase (shown in Fig. 5).

Discussion/Conclusion

The primary focus of the present work was to evaluate cytogenetic damage in human 

lymphocytes in vivo in hematopoietically humanized (Hu-NSG) mice, after separate 

exposure to neutrons and X rays. The Hu-NSG mouse model combines the many advantages 

of ex-vivo irradiated human blood and in-vivo mouse models to represent a potentially 

valuable resource for radiation biodosimetry studies (Lee et al. 2018; Pujol-Canadell et al. 

2019; Wang et al. 2020). Here, we specifically utilized the presence of a large number of 
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mature human T-cells present in the circulating blood and the spleen (Shultz et al. 2012), 

to evaluate DIC frequency and chromosome 1 inversions in the peripheral blood and MN 

yields in the spleen after neutron and x-ray exposure. The 24-hour time point was chosen to 

represent the earliest time point when blood samples are likely collected after a radiological 

incident such as an explosive improvised nuclear device.

To evaluate the intrinsic radiosensitivity of human lymphocytes in blood and spleen from 

humanized mice (LD50/30 of approximately 3-4 Gy)(Wang et al. 2013) compared to the 

human blood ex vivo model, the human CBMN assay was used to measure the dose 

response for MN frequency (up to 3 Gy), 24 hours after exposure. Figure 2 shows a good 

correspondence between the numbers of MN formed in human lymphocytes in vivo in the 

humanized mice and ex vivo from human donors over the dose range tested, suggesting 

similar radiation sensitivity. In the mouse peripheral blood samples, there was a notable 

reduction in MN frequency/low numbers of BN cells in the isolated lymphocytes at the 3 

Gy dose, suggesting that a large number of the highly damaged cells may have died or 

redistributed to the spleen (Pecaut et al. 2001). It is also possible that the highly damaged 

cells did not survive the 3-day assay culture time. Based on these observations and our 

earlier work which demonstrated a neutron RBE of ~ 4 for MN frequency at 1 Gy using the 

human blood ex vivo model (Xu et al. 2015a), total body exposures of 1 Gy photons and 0.3 

Gy neutrons were chosen for this work.

Evidence for increased sensitivity of the CD45+ lymphocytes in the mouse blood compared 

to the spleen is shown in the hematology data presented in Figure 3. There is a significant 

(p<0.05) reduction in T-/B-cells in the peripheral blood after neutron and x-ray exposures 

compared to the control (n = 5 mice, engrafted with 3 different stem cell donors) compared 

to the spleen where the blood counts were not significantly different across the three groups. 

Based on our own experience, one possible explanation here is that there is variability 

between the mice, particularly the size of the spleen after radiation exposure. Although, 

there was no significant change in T-/B-cell numbers in the mouse spleens, there was 

a significant (p< 0.01) induction of MN yields in the neutron and x-ray irradiated mice 

compared to the control mice (shown in Fig. 4a). The data show that the neutron RBE for 

the MN yields in human lymphocytes is about 3.3 compared to the levels induced by X 

rays (shown in Fig. 4b), indicating that for the MN endpoint, neutrons produce increased 

residual DNA damage that is unrepaired or misrepaired, 24 hours after exposure. Novel 

insights observed here using the humanized mouse model, could be used in the development 

of future studies to investigate mixed exposures with different percentages of neutrons and 

photons at longer times after exposure. More recently, we have used a high-throughput 

automated CBMN assay in human lymphocytes and developed a machine learning approach 

to reconstruct neutron and photon doses in complex exposure scenarios (Shuryak et al. 2020; 

Shuryak et al. 2021).

The results of the dicentric analysis were in keeping with that observed for MN, in that, 

yields were similar in samples from mice exposed to either 1 Gy X rays or 0.3 Gy 

neutrons. Based on track structure calculations, it has been predicted that there would 

be a higher incidence of double strand breaks (DSBs) in close proximity to each other 

following exposure to high LET radiation (e.g. neutrons and heavy ions) relative to 
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sparsely IR (e.g. X rays) (Brenner and Sachs 1994; Burkart et al. 1999; Sachs et al. 

1997a; Sachs et al. 1997b). It follows that the close proximity of breaks would result in 

increased frequencies of intra chromosomal exchanges particularly intra-arm exchanges. In 

fact, it has been proposed that intrachromosomal exchanges, particularly inversions, may 

constitute a cytogenetic fingerprint for densely IR. Interestingly, the persistence of these 

intrachromosomal exchanges (inter- and intra-arm) has been reported in the lymphocytes of 

workers several years after exposure to high doses of Plutonium (Hande et al. 2005; Hande 

et al. 2003; Mitchell et al. 2004). The detection of these inversions following exposure to 

neutron irradiation agrees with previous reports and further supports the suitability of the 

Hu-NSG model for biodosimetric studies. It should be stressed that while mBAND analysis 

is capable of detecting inversions and other gross chromosomal aberrations involving the 

painted chromosome, including large insertions and deletions, translocations, and dicentrics, 

smaller insertions and deletions and other aberrations in the metaphase not involving the 

painted chromosome may remain undetected.

Peripheral blood lymphocytes are sensitive to the lethal effects of IR that are largely 

mediated through the induction of DSBs and apoptotic cell death (Pugh et al. 2014). 

We have shown previously that radiation-induced apoptosis/cell death can contribute to 

the depletion of mouse peripheral blood leukocytes in vivo (Turner et al. 2015). DSB 

repair kinetics has been shown to be associated with different repair pathways that allow 

a biphasic fast (initial few hours) and slow component (hours to days) of repair after 

exposure to IR (Beels et al. 2010; Iliakis et al. 2004; Lee et al. 2019). Defects in DNA 

repair machinery can increase cell vulnerability to DNA-damaging agents and accumulation 

of mutations in the genome, leading to the development of various disorders including 

cancers. It has been demonstrated that DSBs induced by neutrons are repaired with different 

repair kinetics from DSBs induced by X-rays such that neutron-induced DNA clusters are 

repaired more slowly by the fast repair component leaving more breaks to be misrepaired 

in the slow component (Kysela et al. 1993; Vandersickel et al. 2014). Theoretical analysis 

and experimental evidence suggest an increased complexity and severity of complex DNA 

damage with increasing LET that has high mutagenic or carcinogenic potential (Hada and 

Georgakilas 2008). Preliminary measurements in the present study (not shown) identified 

increased levels of phospho-p53 protein in CD45+ human lymphocytes in the spleen after 

exposure to X rays compared to neutrons, normalized to the non-irradiated control. Further 

studies are required to evaluate the effect of these two different radiation types on specific 

biomarkers involved in the kinetics of DNA repair and cell killing.

In conclusion, we have extended our earlier work to show that neutrons are more 

biologically effective for the cytogenetic endpoints DIC and MN in human lymphocytes 

in vivo, compared to x-ray irradiation, highlighting the fact that complex chromosome 

aberrations are repaired with different repair kinetics compared to more simple DNA double 

strand breaks. We show here that the humanized mouse model supports the quantification 

of cytogenetic endpoints at an early time point after radiation exposure. In the future, it will 

be important to extend these measurements out to 7-14 days to confirm that the kinetics 

of repair are expected for human in vivo exposures. These studies highlight the importance 

of different types of interactions between different radiation qualities not only from the 

biodosimetry viewpoint, but also at the radiobiological and cellular level.
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Fig. 1: 
Representative images of micronuclei (panel A), PNA-FISH of centromeres (green) and 

telomeres (red) (panel B), and mBAND of chromosome 1 (panel C). Arrows point to 

micronuclei (panel A), a dicentric (panel B) and an inversion (panel C).
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Fig. 2. 
Micronuclei frequency in human lymphocytes in vivo from Hu-NSG mouse blood and 

spleen compared with human peripheral blood exposed ex vivo to X-rays, in the dose range 

0 to 3 Gy. Error bars show mean ± SEM
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Fig. 3. 
Human hematopoietic cell counts in the peripheral blood and spleen after exposure of 

humanized mice to X ray (1 Gy) and neutron (0.3 Gy) irradiations. The horizontal line 

indicates the median values. Comparison between the control and irradiated groups was 

performed by the Mann-Whitney U test (*p<0.05, ** p<0.01).
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Fig. 4. 
Micronuclei frequency in human lymphocytes isolated from the spleen, 24 h after exposure 

to total expected body X ray (1 Gy) and neutron (0.3 Gy) irradiations. (a) Dot blot analysis 

shows the micronucleus frequency per binucleate cell. The horizontal line indicates the 

median values. Comparison between the control and irradiated groups was performed by the 

Mann-Whitney U test (** p<0.01). (b) MN frequency fitted with an exponential curve after 

exposure to X rays. Error bars show mean ± SEM. Neutron-induced MN yields indicate an 

RBE of ~ 3.3.
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Fig. 5. 
Frequencies of dicentrics (interchromosomal) and inversions (intrachromosomal) observed 

in peripheral blood of humanized mice following exposure to X rays (1 Gy) and neutrons 

(0.3 Gy). Error bars show mean ± SD
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